Neonatal periventricular white matter injury is a major contributor to chronic neurologic dysfunction. In a neonatal rat stroke model, myelin basic protein (MBP) immunostaining reveals acute periventricular white matter injury. Yet, the extent to which myelin proteins can recover after neonatal hypoxicischemic injury is unknown. We developed a quantitative method to correlate the severity of the hypoxic-ischemic insult with the magnitude of loss of MBP immunostaining. Seven-day-old (P7) rats underwent right carotid ligation, followed by exposure to 8% oxygen for 1, 1.5, 2, or 2.5 h. On both P12 and P21, white matter integrity was evaluated by densitometric analysis of MBP immunostaining, and the amount of tissue injury was evaluated by morphometric measurements of cerebral hemisphere areas. The most severe hypoxic-ischemic insults (2.5 h) elicited marked reductions in MBP immunostaining ipsilaterally on both P12 and P21. In contrast, in mildly lesioned animals (1.5 h), MBP immunostaining was reduced ipsilaterally on P12, but 2 wk after lesioning, on P21, there was a substantial restoration of MBP immunostaining. The restoration in MBP immunostaining could reflect either functional recovery of injured oligodendroglia or proliferation and maturation of oligodendroglial precursors. Our data demonstrate that quantitative measurement of MBP immunostaining provides a sensitive indicator of acute oligodendroglial injury. Most importantly, we show that in this neonatal rodent stroke model, restoration of myelin proteins occurs after moderate, but not after more severe, cerebral hypoxia-ischemia. Considerable clinical and experimental data demonstrate that immature oligodendroglia are highly susceptible to HI injury (1-5). There is also growing recognition that oligodendroglial injury in the immature nervous system may have profound adverse effects on neuronal development (6). Among the mechanisms implicated as contributing to the vulnerability of immature oligodendroglia to HI are increased susceptibility to excitotoxicity (1, 7), oxidative stress (2), and inflammation (8 -9), and propensity for induction of apoptosis (10).
Considerable clinical and experimental data demonstrate that immature oligodendroglia are highly susceptible to HI injury (1) (2) (3) (4) (5) . There is also growing recognition that oligodendroglial injury in the immature nervous system may have profound adverse effects on neuronal development (6) . Among the mechanisms implicated as contributing to the vulnerability of immature oligodendroglia to HI are increased susceptibility to excitotoxicity (1, 7) , oxidative stress (2) , and inflammation (8 -9) , and propensity for induction of apoptosis (10) .
In a widely used neonatal rat stroke model, elicited by unilateral carotid artery ligation and timed exposure to moderate hypoxia (8% oxygen) in 7-d-old (P7) rats, ipsilateral white matter injury occurs, together with more widespread tissue injury (11) (12) (13) (14) (15) . In this model, lengthening the duration of hypoxic exposure results in a progressive increase in the severity of brain damage (12) ; the temporal threshold to elicit tissue injury is at approximately 1.5 h, and more prolonged HI (2-2.5 h) commonly elicits extensive neuronal loss in the ipsilateral cortex, hippocampus, striatum, and thalamus (13) . Additional neuropathologic features of the HI lesion include an acute and sustained microglial and monocyte infiltrate (13, 14) , reactive gliosis (13, 15) , and the evolution of cortical cavitary infarcts (13) .
Although the original description of histopathology in this model documented the vulnerability of white matter to injury, subsequent work in this model has focused on the pathophysiology of neuronal damage and the development of therapeutic strategies for neuroprotection. Until recently, modulation of white matter injury has been relatively neglected experimentally; one practical issue that has limited such studies relates to the difficulties inherent in the quantification of oligodendroglial injury.
Two complementary approaches have been used to assess oligodendroglial integrity experimentally: evaluation of changes in numbers of oligodendroglial cell bodies, and evaluation of changes in myelin-specific mRNAs and proteins. Recent data suggest that measures of myelin-specific mRNAs and proteins yield informative indices of acute oligodendroglial injury. In neonatal mice, HI lesioning resulted in rapid reductions in expression of MBP mRNA and protein in the lesion territory (5). In P7 rats, unilateral carotid artery ligation, followed by relatively brief (1 h) exposure to 6% oxygen, resulted in relatively selective acute oligodendroglial injury, manifest by evidence of DNA damage and loss of MBP immunostaining in the ipsilateral external capsule (7), with sparing of adjacent cortex; the efficacy of protective interventions was evaluated by scoring intensity of MBP immunostaining in drug-treated and control animals.
Based on these findings, in this study we focused on analysis of MBP immunostaining as an indicator of acute oligodendroglial injury in neonatal rodent brain. We developed a computerized image-analysis-based semiquantitative method for measurement of MBP immunostaining in neonatal rodent brain. This method was applied to assess white matter injury in neonatal rodents that underwent HI lesioning. Our initial goal was to evaluate the relationship between the duration of the HI insult and the severity of acute oligodendroglial injury, based on evaluation of MBP immunostaining at 5 d after lesioning. In addition, to determine whether any observed reductions in MBP immunostaining were sustained, we also evaluated outcome after a 2-wk recovery period.
METHODS

Animal lesioning.
We used the methods originally described by Rice et al. (11) , with minor modifications, as previously reported (16) . Seven-day-old Sprague-Dawley rats were deeply anesthetized by methoxyflurane inhalation, and the right carotid artery was isolated and double-ligated. Animals were allowed to recover from anesthesia in incubators, maintained at ambient temperature 36°C, for 1 h; then they were placed in Plexiglas chambers, partially submerged in 36°C water baths, and exposed to 8% O 2 for 1-2.5 h. They recovered in thermoregulated incubators for up to 60 min, and were then returned to the dams. This procedure results in a marked ipsilateral decline in cerebral blood flow during hypoxic exposure, with a return to normal blood flow after the cessation of hypoxic exposure (17) .
In preliminary experiments, we found that right carotid artery ligation, followed by 1.5 h exposure to 8% O 2 , resulted in substantial loss of MBP immunostaining ipsilaterally 5 d after lesioning, although overall tissue integrity was relatively preserved; thus, we focused on this lesioning protocol in subsequent experiments. Two groups of animals were included in this study. Group 1, evaluated 5 d after lesioning on P12, included three unlesioned controls and 19 lesioned animals that all underwent carotid artery ligation on P7, followed by 1 h (n ϭ 3), 1.5 h (n ϭ 8), 2 h (n ϭ 3), or 2.5 h (n ϭ 5) exposure to 8% O 2 . Group 2, evaluated 2 wk after lesioning on P21, included two controls and 17 lesioned animals that all underwent carotid artery ligation on P7, followed by 1 h (n ϭ3), 1.5 h (n ϭ 6), 2 h (n ϭ 4), or 2.5 h (n ϭ 4) hypoxic exposure. Animals were killed with a lethal overdose of chloral hydrate (450 mg/kg), followed by perfusion fixation with 4% paraformaldehyde. Experimental protocols were approved by the University of Michigan Committee on Use and Care of Animals. All efforts were made to minimize animal suffering and the number of animals used.
Immunocytochemistry. Brains were removed, postfixed in 4% paraformaldehyde (16 h, at 4°C), and cryoprotected in graded (5% to 25%) sucrose solutions in PBS, as previously described (14) . Coronal sections (16 m, at 64-m intervals) were collected on gelatin-coated slides; at least six sections/ brain, three at the level of the mid-striatum and three at mid dorsal hippocampus, were assayed.
Sections were washed (PBS, 5 min) and preincubated in 20% normal horse serum in PBS with 0.5% Triton X-100. Both Ab were diluted in PBS with 0.5% Triton X-100. Sections were incubated with the primary Ab (anti-MBP, mouse monoclonal, SMI-94, Sternberger, Baltimore, MD, U.S.A.) 1:400, overnight at 4°C. Sections were washed and incubated with a biotinylated secondary Ab (rat adsorbed horse anti-mouse, Vector Laboratories, Burlingame, CA, U.S.A.) 1:200, for 1 h at room temperature. Sections were washed again, and a Vectastain ABC Elite Kit was used to amplify signal (according to manufacturer's instructions, 30 min, at room temperature), followed by chromogenic detection with stable diaminobenzidine (Research Genetics, Huntsville, AL, U.S.A.) for 5 min at room temperature. Sections were dehydrated in graded ethanols, and cover-slipped with Permount. Control samples in which an equal amount of mouse IgG was substituted for the primary Ab were included in each assay, and were uniformly negative.
Image analysis methods. A computerized video-camerabased image-analysis system (with NIH Image software, public domain, available at: http://rsb.info.nih.gov/nih-image/) was used for densitometry and cross-sectional area measurements. All available sections (at least five per brain) were analyzed; only sections with obvious technical artifacts related to the staining procedure were excluded. For densitometry, unaltered TIFF images were digitized, segmented (using a consistent arbitrary threshold Ϫ50%), and binarized (black versus white); then, total black pixels per hemisphere were counted, and average values were calculated per brain, expressed as pixels per hemisphere. Hemisphere areas were also outlined and measured in each section that was analyzed by densitometry. Photomontages were prepared from images processed using Photoshop 5.0 (Adobe, Mountain View, CA, U.S.A.).
Data analysis. Because there were interassay differences in the intensity of MBP immunostaining, no attempt was made to compare absolute OD values among experimental groups. OD values were expressed as ratios of right-to-left hemispheric measurements; for each brain sample, (R:L) MBP of pixels per right hemisphere to pixels per left hemisphere was calculated.
In this neonatal stroke model, because injury is incurred at a time of rapid brain growth, cerebral hemisphere cross-sectional area measurements, obtained as early as 5 d after lesioning, provide a sensitive indicator of the extent of tissue damage (16) . In these experiments, to assess the severity of tissue injury, for each brain sample corresponding bihemispheric area ratios were calculated [(R:L) AREA ϭ mean right hemisphere area to mean left hemisphere area].
Data were analyzed using a microcomputer-based statistics and graphing program (GraphPad, Prism 2.01, Mountain View, CA, U.S.A.). Data from the P12 and P21 outcome groups were first analyzed independently. In animals of each age, differences among lesioning protocols (i.e. duration of HI) were compared, using a nonparametric ranking test (Kruskal-Wallis). Because preliminary histopathologic evaluation and graphic analysis of trends suggested that in mildly lesioned animals (1.5 h HI), the outcomes differed markedly between P12 and P21, (R:L) MBP values were compared at these two time intervals, using a MannWhitney nonparametric ranking test. In addition, to assess the equivalence of overall lesion severity between groups, the corresponding (R:L) AREA values were also compared using a MannWhitney nonparametric ranking test.
RESULTS
In the developing rat brain during the second and third postnatal weeks, there is a substantial increase in MBP immunostaining. Figure 1 illustrates the distribution of MBP immunostaining in normal P7, P12, and P21 rat brain, at the levels of striatum (Fig. 1, A-C) , and mid-dorsal hippocampus (Fig. 1,  D-F) . On P7, MBP immunostaining is barely detectable. On P12, MBP immunostaining is readily identified, concentrated in white matter tracts of the external and internal capsules; in the striatum periaxonal immunostaining can also be discerned. On P21, there is a further increase in MBP immunostaining, but the widespread adult distribution has not yet attained; note more intense immunostaining, both within white matter tracts and also extending into adjacent gray matter regions. Table 1 presents regional cross-sectional area measurements, and calculated mean (R:L) AREA values in all lesion groups. Comparison of cerebral hemisphere areas in the unlesioned P12 and P21 groups illustrates the substantial increase Figure 1 . Maturational changes in MBP immunostaining in rat brain from P7 to P21. MBP immunocytochemistry assays were performed, as described in "Methods," in tissue samples from normal P7, P12, and P21 rat brain. At the level of the striatum on P7 (A), MBP immunostaining is barely discernible in the external capsule (arrowhead); on P12 (B), MBP immunostaining is most intense in the external capsule (arrow), and subtle periaxonal staining can be discerned within the striatum (*); on P21 (C), there is more pronounced MBP immunostaining in the corpus callosum (cc), the anterior commissures (ac), the striatum, and extending into the cortex. At the level of the hippocampus, similar maturational trends are evident from P7-21 (D-F). Scale bars, 1 mm. 
2 ); in the lesioned animals, left hemisphere area values did not differ from values in age-matched controls. These data confirm that in both the P12 and P21 outcome groups, the duration of HI determined the severity of tissue loss. There was negligible injury in the 1-h HI groups; there was substantial (Ͼ25%) ipsilateral hemisphere damage in both 2.5-h HI groups. Figure 2 compares MBP immunostaining, at the level of the mid-striatum, in eight lesioned animals, evaluated on P12 (Fig.  2, A, C, E, G) or on P21 (Fig. 2, B, D, F, H) . Each row compares animals that underwent the same duration of HI (1, 1.5, 2, or 2.5 h). Overt infarction evolved only in the 2.5-h HI animals. Comparison of MBP immunostaining in the P12 animals reveals a progressive ipsilateral loss of MBP immunostaining in the ipsilateral external capsule and striatum. In the P21 animals substantial asymmetry in MBP immunostaining is apparent only in the most severely lesioned animal. Figure 3 illustrates corresponding MBP immunostained sections, at the level of dorsal hippocampus and thalamus; overall trends are similar. On P12, there is substantial and progressive loss of ipsilateral MBP immunostaining in the external and internal capsules of animals that underwent 1.5, 2, or 2.5 h HI; on P21, MBP immunostaining is relatively preserved, except in the most severely lesioned animal. Note that the distribution and intensity of MBP immunostaining in the left hemisphere of lesioned animals (Figs. 2 and 3 ) is similar to that of unlesioned age-matched controls (Fig. 1) . Figure 4 illustrates the features of MBP immunostaining, at higher magnification, in a representative P12 animal that underwent 1.5 h HI on P7. In Figure 4 , A, note that there is subtle right striatal atrophy, although overall tissue integrity is preserved; yet there is widespread ipsilateral loss of MBP immunostaining (Fig. 4, C and E) .
To evaluate overall trends with respect to the impact of HI on MBP immunostaining, MBP immunostaining in each cere- Figure 2 . HI-induced disruption of MBP immunostaining. This photomontage compares the distribution of MBP immunostaining, at the level of the striatum, in coronal brain sections from eight animals, four evaluated on P12 (left), and four evaluated on P21 (right). All underwent right carotid artery ligation, followed by 8% O 2 exposure on P7; the duration of 8% O 2 exposure (1, 1.5, 2, or 2.5 h) is indicated for each row. Only 2.5 h of 8% O 2 exposure resulted in ipsilateral infarction. In the P12 animals, loss of ipsilateral MBP immunostaining both in the external capsule (arrowhead) and adjacent striatum (*) becomes more pronounced with increasing duration of HI. In contrast, in the P21 animals MBP immunostaining is markedly attenuated only in the most severely lesioned brain. Scale bars, 1 mm.
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bral hemisphere was estimated by computerized densitometry and (R:L) MBP was calculated for each brain. In Figure 5 , scatter plots illustrate the distributions of these values in the P12 (Fig.  5, A) and P21 (Fig. 5, B ) outcome groups; median values are indicated by the horizontal bars. On P12, the median values in all four lesion groups were Ͻ1.0, and values were lowest in the 2.5-h HI animals; there were significant differences among groups (p Ͻ 0.005, Kruskal-Wallis test). On P21, in contrast, median values were Ͼ1.0 in both the 1-h and 1.5-h HI groups. Ratio values declined in the more severely lesioned animals, and there were significant intergroup differences (p Ͻ 0.025, Kruskal-Wallis test).
Both the microscopic evaluation and the quantitative analysis suggested that there were differences between the patterns of MBP immunostaining resulting after mild HI lesioning on P12 versus P21. To evaluate this trend, we compared the extent of tissue atrophy and MBP immunostaining in the two groups of animals that had undergone 1.5 h HI. To confirm that the overall severity of injury was equivalent, area measurements were compared (Fig. 6A) ; there were no differences between the two groups [(R:L) AREA , P12, 0.84 Ϯ 0.3; P21, 0.90 Ϯ 0.0; p ϭ NS, Mann-Whitney test]. In contrast, there was a substantial difference in (R:L) MBP values between the two age groups ( Fig. 6B ; p Ͻ 0.005, Kruskal-Wallis test); on P12 the median (R:L) MBP value was 0.7, whereas on P21, in five of six animals the (R:L) MBP was Ͼ1 (i.e. more MBP immunostaining in the lesioned right hemisphere than contralaterally). In contrast, a similar analysis of more severely lesioned animals (2.5 h HI) revealed no difference in the 
DISCUSSION
Our data indicate that loss of MBP immunostaining provides a sensitive indicator of acute HI oligodendroglial injury in neonatal rodent brain. HI insults of increasing duration result in progressively widespread disruption of MBP immunostaining within 5 d after lesioning. However, during a 2-wk recovery period, some restoration of MBP immunostaining occurs in the absence of tissue infarction.
Our findings must be interpreted cautiously. The initial loss of MBP immunostaining reflects oligodendroglial dysfunction, but not necessarily cell death. Mechanisms that could contribute to HI-induced loss of MBP immunostaining include reduced synthesis and increased degradation of MBP mRNA and protein.
In a closely related neonatal mouse model of HI injury, we found a very rapid suppression of oligodendroglial gene expression in the ipsilateral hemisphere (beginning as early as 3 h after insult, and progressively decreasing for up to 48 h) (5).
Our preliminary experiments to assay MBP mRNA in lesioned neonatal rat brain have yielded similar trends, i.e. Ͼ50% decrease in MBP mRNA at 24 -48 h after a severe HI insult (18) . These results suggest that reductions in mRNAs encoding MBP and a subsequent decline in protein synthesis represent a major mechanism that contributes to loss of MBP immunostaining on P12. Activation of specific proteases by HI injury 
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may also contribute to myelin degradation. Calpain degrades all major myelin proteins, and there is increased calpain activity after neonatal cerebral HI in this model (19) . Increased calpain activity has also been documented in brain tissue from patients with multiple sclerosis, and is implicated as a factor contributing to myelin degradation in multiple sclerosis (20) .
Multiple mediators could contribute to neonatal HI oligodendroglial injury. In this neonatal stroke model, HI injury elicits a widespread and complex inflammatory response (13) (14) (15) (21) (22) (23) . Clinical studies have implicated proinflammatory cytokines as mediators of perinatal white matter injury (24, 25) . Supportive experimental data are provided by results of a recent study in which the inflammatory stimulus lipopolysaccharide was administered to pregnant rat dams (8) ; this intervention resulted in qualitative reductions in MBP immunostaining on P8, preceded by evidence of stimulation of cytokine expression in the fetal rat brain.
Compelling experimental data indicate that oligodendroglia are also highly susceptible to glutamate-mediated injury (1), both in the neonatal and adult rodent brain (7, 26) . In the neonatal rodent stroke model used in this study, we have shown with in vivo microdialysis that glutamate accumulates extracellularly during the HI insult (27) ; this excitatory amino acid could contribute to white matter injury. Treatment with NBQX, an AMPA-type glutamate antagonist, substantially limited HI-induced loss of MBP immunostaining in a closely related neonatal stroke model (7); this finding provides strong support for the hypothesis that endogenous excitatory amino acids are directly toxic to immature oligodendroglia.
In the neonatal mouse stroke model, we found ultrastructural evidence that maturing, myelinating oligodendrocytes were normal, whereas some immature oligodendrocyte progenitors were dying within 3 h after the HI insult (5) . Taken together, the immunocytochemical and ultrastructural data suggest that both death of oligodendrocyte progenitors and reduction of MBP mRNA and protein synthesis in surviving oligodendrocytes contribute to the initial loss of MBP immunostaining.
The inclusion of two outcome intervals in this study enabled us to evaluate sequential changes in MBP and to compare trends in animals that had incurred a relatively broad range of HI insults. The first time point, at P12, was selected based on our previous experience indicating that, in this model, the extent of neuronal loss and infarction could be reliably evaluated 5 d after lesioning (16) . Yet, as the timing of the insult in this model of developmental brain injury coincides with a period of marked maturational changes in myelin production, we included a second time point to evaluate more long-term effects on myelin integrity. This approach enabled us to discern unexpected evidence of restoration of MBP immunoreactivity. Of interest, a recent study evaluating changes in expression of the oligodendroglial marker 2'-3'-cyclic nucleotide 3'-phosphodiesterase, by Western blot assays of tissue homogenates, found that at 8 -15 d after lesioning there were higher concentrations in the HI than in the contralateral hemisphere (28) . These trends could reflect recovery of function or increased MBP synthesis by surviving oligodendroglia or proliferation and maturation of oligodendroglial precursors; future studies incorporating proliferation markers will be essential to evaluate the contributions of these mechanisms.
Both classic and modern studies indicate that new oligodendrocytes can be generated from oligodendrocyte precursors or from mature oligodendrocytes in the adult CNS (29, 30) . For example, Ludwin (30) reported, in the late 1970s, evidence of proliferation of mature oligodendrocytes, after cuprizoneinduced demyelination in the adult CNS. More recent studies have confirmed that adult animals harbor an abundant population of oligodendrocyte precursor cells that slowly generate new oligodendrocytes (31) and respond to experimentally induced brain injury (32) . In a study using a model of middle cerebral artery occlusion to induce focal ischemic injury in adult mouse brain, Mandai et al. (33) found a reduction in number of oligodendrocytes expressing myelin mRNAs shortly after injury but an increase in number of oligodendrocytes at later time points. These findings may indicate subse- Even though MBP immunostaining is relatively restored at P21 in mildly lesioned animals, our data provide no information about regeneration of intact myelin sheaths. Loss of myelin, even transiently, can markedly disrupt CNS development by interfering with axonal function, and perhaps neuronal survival. A recent clinical study provided compelling evidence of the deleterious effect of periventricular white matter injury in the human neonate on subsequent cerebral cortical development (6) . A quantitative volumetric magnetic resonance imaging technique was used to measure brain tissue volumes, at term, in premature infants with earlier diagnosis of periventricular leukomalacia; these infants had a marked reduction in cerebral cortical gray matter at term, compared with either premature infants without periventricular leukomalacia or normal term. This finding provides a strong rationale for the concurrent assessment of neuronal and oligodendroglial integrity in experimental models of perinatal brain injury.
These data demonstrate that oligodendroglia are highly susceptible to HI injury in the immature rodent brain. Quantitative MBP immunoassays provide a sensitive indicator of oligodendroglial injury. Our unexpected finding that relatively mild and more severe HI insults elicit divergent responses illustrates some of the complexities inherent in experimental analysis of oligodendroglial injury and repair in vivo. These results strongly suggest that after mild HI insults myelin markers are up-regulated in the lesion territory; in more severely lesioned tissue, there may be a similar potential for recovery in regions adjacent to the infarct territory. Whether specific therapeutic interventions can enhance recovery of oligodendroglial function is an important question for future research. 
